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This study describes the facile and effective fabrication of electrochemical biosensors based on a
glassy carbon electrode coated with graphene quantum dots (GQD). The prepared electrode shows a
desirable electrochemical response, since the graphene is favourably conductive. The prepared GQD
designed biosensor has been employed for C-reactive protein (CRP) detection in blood serum. Herein,
charge transfer resistance variations were significantly target specific, showing a linear relationship
with log CRP concentration (0.5-70 nM) and a low limit of detection (LOD) of 176 pM. This
technique could be employed to achieve one-step CRP detection and has the potential to be applied to
clinical atrial fibrillation (AF) analysis after CABG.
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1. INTRODUCTION

It is vital for specific biomolecules to be rapidly, effectively and sensitively detected for the
purposes of environmental protection, medical diagnosis and biological engineering [1]. A myriad of
cost-effective, stable and sensitive biosensors have been developed from gold nanoparticles [2-4],
carbon nanotubes [5-7], quantum dots [8-12] and many other nanomaterials. Recently, graphene has
been proposed as an emerging nanomaterial due to its desirable features. This two-dimensional carbon
material is measurable at a single atom thickness. Due to its favourable mechanical, electronic and
thermal features and excellent chemical stability, it has attracted great attention for scientific
studies [13-15]. Fluorescence studies have been performed that demonstrate the ability to selectively
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and sensitively detect proteins and metal ions. Additionally, DNA has been detected using graphene
oxide (GO) coupled with a dye-tagged single-stranded DNA (ssDNA) probe [16, 17]. Furthermore,
graphene has been applied in electrode surface modification as a film material, contributing to
significant improvement in electrochemical bio-sensing research [18-20].

A common complication of open heart surgery, atrial fibrillation/flutter (AF) is supposed to be
prevented by ACC/AHA guideline-recommended prophylactic beta-blockers (BB). Despite several
studies during the last few years, effective protection against AF by BB in patients undergoing post—
coronary artery bypass graft surgery (CABG) has not been confirmed. Shifts in the demographic
characteristics of the patients who have received open heart surgery and significant changes in the
treatment of coronary artery disease (CAD) and the protocols of CABG have occurred in the last
twelve years. The connection between high CRP levels and AF occurrence has been presumed.
However, it is still uncertain whether high plasma CRP levels are only indicative of AF occurrence, or
whether high CRP levels cause the disorder. These factors are clinically significant, since angiotensin
receptor blockers, angiotensin-transforming enzyme inhibitors and several other cardiovascular drugs
are applied to moderate the inflammation in heart [21, 22]. It is also significant because drugs that
reduce CRP levels are prescribed for the treatment of cardiovascular-related disease [23]. Whether
plasma CRP levels cause AF has been studied by means of Mendelian randomization [24], where
genetic variants were randomly assorted with the production of gametes. The connection between high
plasma CRP levels and AF occurrence was evaluated via the link between plasma CRP levels and
particular genetic variants. Hence, genetic variants that are exclusively involved in high plasma CRP
levels [25] could be employed to obtain lifetime CRP levels without the impedance of reverse
causation [26].

This study used nanometre-sized graphene quantum dots (GQD) for a range of measurements.
GQDs are superfine and shaped in a well-defined way. In addition to having the desirable features of
its family members, GQD exhibit the favourable traits of a nanomaterial. Therefore, GQDs were
employed herein to fabricate electrochemical biosensors. CRP determination in blood serum has been
made through electrochemical analysis with GQDs. The GQD-based immunosensor could be used in
AF analysis after CABG in the future.

2. EXPERIMENTS

2.1. Reagents

Bovine serum albumin (BSA), human blood serum, and human C-reactive protein (CRP)
purchased from Sigma Aldrich. AbD Serotec was the material source for the goat anti-human CRP
polyclonal antibody. N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and polyethylene glycol (PEG)-thiol HS-C1;-(EG)3-OCH,-COOH were purchased from Sigma
Aldrich. Ultrapure water (18.2 MQ/cm) from a Milli-Q system was employed for all the experiments.
Phosphate buffered saline (PBS) tablets were purchased from Sigma Aldrich and dissolved in water
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with Tween-20 (0.2% v/v) to synthesize PBST (10 mM, pH 7.4). Then, a membrane filter (0.22 um)
was employed to filter the obtained PBST. All other reagents were of analytical grade.

2.2. Synthesis of GQD

A modified Hummers technique was employed to transform the natural graphite powder into
graphene oxide (GO) sheets [27, 28], which were then thermally reduced in a tube furnace for 120 min
at 200-300 °C under nitrogen at a heating rate of 5 °C min " to synthesize graphene sheets (GSs). This
was followed by the oxidization of 0.05 g GSs in concentrated solutions of 30 mL HNO3 and 10 mL
H,SO,4 under mild ultrasonication (500 W, 40 kHz) for 15-20 h. Then, deionized water was used to
dilute the mixed solution. Afterwards, a microporous membrane (0.22-um) was utilized to filter the as-
purified mixture for acids extraction. This was followed by a repeated dispersion of the obtained GSs
(0.2 g) into 40 mL DI water. Through the addition of NaOH, the pH value of as-prepared dispersion
was adjusted to 8. After being delivered into a poly(tetrafluoroethylene) (Teflon)-lined autoclave
(50 mL), the obtained suspension was heated at 200 °C for 10 h, and cooled to ambient temperature.
Subsequently, the microporous membrane (0.22-um) was employed to filter the terminal black
suspension to obtain a brown filter solution with a yield of approximately 22%. However, there
remained several large graphene nanoparticles measured in a range of 50-200 nm in this colloidal
solution, which resulted in the emission of weak blue fluorescence. Thus, further dialysis was
performed on the terminal solution overnight in a dialysis bag with a retained molecular weight of
3500 Da. GQDs that were significantly fluorescent through the bag were obtained with a yield of
approximately 5%.

2.3. Characterization

Cu Ka radiation was applied to samples in a Rigaku D/max-2500 to conduct X-ray powder
diffraction (XRD) measurements. A Hitachi 7000 fluorescence and a Hitachi 3100 spectrophotometer
were employed to characterize fluorescence and absorption, respectively. A Renishaw in plus laser
Raman spectrometer and a Bio-Rad FTIR spectrometer FTS165 were applied to Raman (Aexc 785 nm)
and FTIR measurements, respectively. A FRA2 module-equipped Autolab Potentiostat 12 (Metrohm
Autolab B.V.) and a Kratos Axis Ultra DLD X-ray photoelectron spectrometer were employed to
perform electrochemical and X-ray photoelectron spectroscopy (XPS) C 1s experiments, respectively.
This work employed a traditional triple-electrode configuration, including a reference electrode, a
counter electrode and a working electrode, taken by Ag/AgCIl (CH Instruments), platinum wire and a
gold disk (BASi) with a diameter of 1.6 mm.

2.4. Electrode fabrication

After being successively polished by 3.0, 1.0 and 0.1 um diamond spray, the glassy carbon
electrodes (GCE) were ultrasonically washed in water for approximately 5 min. Then, as-purified GCE
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were immersed in freshly prepared piranha solution for 15 min and electrochemically polished via CV
with a potential range of —0.1 and 1.25 V to obtain a stable reduction peak. Subsequently, nitrogen gas
flow was conducted to dry the obtained GCE. This was followed by dropping GQD dispersion (5 pL)
onto the surface of the electrode and drying at ambient temperature. Then, the as-prepared electrode
was instantly immersed into a 10 mM solution of HS-C;;-(EG)3-OCH,-COOH in ethanol at ambient
temperature for 16 h. After SAM was formed, the modified electrode was rinsed successively with
ethanol and water. Then, nitrogen gas flow was applied to dry the electrode which was then incubated
in a mixture of NHS (0.1 M) and EDC (0.4 M) for 15 min to activate terminal carboxyl groups. Then,
the terminal electrode was fabricated after further incubation in 10 uM CRP antibody solution (PBST,
pH 7.4) for 60 min prior to characterization.

2.5. Electrochemical impedance spectroscopy characterization

EIS was performed with a frequency range of 0.05 Hz to 10 kHz, the direct current potential of
0.25 V (1.0 mM [Fe(CN)s]* ), and the amplitude of the applied potential sine wave was obtained at
10 mV. Nyquist plots (complicated plane profiles) were employed for EIS measurements in PBST
solution (10 mM). In addition, an ideal Randles equivalent circuit was used for fitting the obtained
data. The sensitivity of the EIS measurement was deduced from the slop of the Nyquist plot semi-
cycles.

3. RESULTS AND DISCUSSION

Since diameters and widths as low as approximately 20 nm can be obtained via lithography
methods, a majority of electronic apparatuses have been constructed with GQD and GNRs.
Nevertheless, GQDs and GNRs have trouble with gaining smooth edges and require costly devices,
which could be offset by other chemical approaches that also specialize in facile surface
functionalization. Initially, ultrasmooth and functionalized GNRs with widths of 50 nm to sub-10 nm
were realized via a chemical approach proposed by Li and co-workers [29]. Kosynkin and co-workers
proposed a facile solution-based oxidative procedure not long ago, where the sidewalls of multiwall
carbon nanotubes (CNT) were cut and unravelled longitudinally to synthesize GNRs [30]. However,
the size of sub-10 nm functionalized GQDs has not been realized by any chemical approaches until
now. This work proposes a facile and new hydrothermal method to obtain surface-functionalized
GQDs with average diameters of approximately 9.6-nm by the cutting of GSs. Compared to GNRs and
GSs with large lateral sizes, the as-prepared GQDs were observed to show bright blue
photoluminescence (PL). The GQDs are superfine and exhibit a large edge effect, directly resulting in
novel UV-vis absorption bands and blue luminescence. Originally, GO sheets were thermally reduced
to obtain micrometre-sized rippled GSs. The obtained GSs were oxidized in concentrated solutions of
HNO; and H,SO, and then hydrothermally treated (Fig. 1A). There was a small decrease in GS size
after they were oxidized, with a small increase in (002) spacing up to 3.85 A. A series of more marked
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changes occurred after the hydrothermal treatment of the oxidized GSs at 200 °C. First, the (002)
spacing was reduced to 3.43 A, very close to that of bulk graphite, indicating that deoxidization occurs
during the hydrothermal process [31]. According to the Fourier transform infrared (FTIR) spectrum,
C—O—C, OH, C=0/COOH and other oxygen-containing functional groups were found to be
introduced on the basal plane and the edge during oxidization, as shown in Fig. 1B, where the
solubility of the GSs in water was realized due to the appearance of the aforementioned groups. After
hydrothermal treatment, the strongest vibrational absorption band of C=O/COOH at 1720 cm " became
very weak and the vibration band of epoxy groups at 1052 cm  disappeared [32].
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Figure 1. (A) XRD profiles and (B) FTIR spectra of the original, oxidized, and hydrothermally
reduced GSs.
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Figure 2. (A) XPS Cy; spectra of both oxidized and hydrothermally reduced GSs. (B) Raman spectrum
of the hydrothermally reduced GSs.

The variations in XPS C1 s spectra provide further evidence for the reduction. The oxidized
and hydrothermally reduced GSs were characterized via XPS C1 s spectra in Fig. 2A, and the reduced
GSs were characterized via corresponding Raman spectrum in Fig. 2B. As indicated in the former
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spectra, the signal at 288 eV indicates that there is a decrease in the strength of carboxyl groups after
hydrothermal treatment, with an almost unvaried sp? carbon peak at 284.1 eV. The latter spectrum
exhibits a D band and G band, respectively at 1324 cm *and 1588 cm™, with Ip/lg (intensity ratio)
calculated as 1.26.

As shown in Fig. 3A, the oxidized GSs and the GQDs dispersed in water were characterized
via UV-vis absorption spectra, with pronounced variations. As indicated in the spectrum of the former
one, a characteristic absorption peak was observed at approximately 230 nm, attributed to the « - n*
transition of aromatic sp? regions. For the latter, a novel absorption band at approximately 320 nm
could be monitored in addition to the strong « - ©* absorption peak. The comparison between novel PL
performances arouses the greatest interest. Even measured under alkali conditions, no detectable PL is
exhibited for the oxidized GSs. For GQDs, bright blue luminescence is emitted even when measured in
neutral conditions, as indicated in Fig. 3B. Fig. 3A exhibits a strong peak at 430 nm in the PL spectrum
induced upon the excitation at the absorption band of 320 nm, with a Stokes shift of 110 nm at 0.99 eV.
When measured with respect to a reference, the quinine sulphate, the PL quantum yield of GQDs is
obtained as 7.2%, which is comparable with that obtained for the presented luminescent carbon
nanoparticles. The PL performance of GQDs relies on excitation, which is similar to a majority of
luminescent carbon nanoparticles. As indicated in Fig. 3B, there is a shift of the PL peak to longer
wavelengths and a sharp reduction in the intensity when the excitation wavelength is increased from
320 to 420 nm. As shown in Fig. 3C, two significant peaks can be observed at 257 and 320 nm in the
PL excitation spectrum, with the emission of the strongest luminescence. The PLE spectrum clearly
demonstrates that the observed luminescence from the GQDs is directly correlated with the two new
transitions at 257 and 320 nm rather than the commonly observed n—n* transition [33]. Both the 257-
nm and 320-nm excitation results in the most significant PL peak at 430 nm. The absorption band
observed at 320 nm is consistent with the PL excitation peak at 320 nm. An absorption band that can
hide in the strong background absorption from the n—n* transition ought to correspond with the PL
excitation peak at 257 nm. Instead of the ordinary m—m* transition, novel transitions observed at 257
and 320 nm are in direct correlation with the GQDs-emitted luminescence, as indicated previously in
the PL excitation spectrum.
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Figure 3. (A) UV-vis absorption and PL spectra of the GQDs dispersed in water. (B) PL spectra of the
GQDs at varied excitation wavelengths. (C) PLE spectrum with the detection wavelength of
430 nm and PL spectrum excited at 257 nm.
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The step-by-step construction of a receptive surface can be well characterized via an EIS
measurement. The electrostatically or sterically imposed charge transportation restrictions with the
fabrication of the films are presented by the semicircles at low frequency in Nyquist plots. With the
construction of the receptor layer, R increases significantly as expected. After the successful
formation of PEG SAM, there is a rather distinct increase in R (less than 4 kQ/cm? to ~45 MQ/cm?),
which further increases upon the immobilization of the antibody, as indicated in Fig. 4. Herein, as the
antibody is successfully immobilized, the interfacial steric bulk increases, corresponding to the
dramatic R increase. This is followed by a consistent response of interface resistance to the binding of
target protein that can be used for calibration.
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Figure 4. Nyquist plots of GCE, SAM/GCE and CRP antibody-SAM/GCE recorded in PBST (10 mM,
pH 7.4) solution containing 1.0 mM [Fe(CN)s]**". The inset highlights the high frequency
domain.
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Figure 5. Relationship between initial Rct and the sensitivity of the GQD-based CRP biosensor. The

slope exhibited in the calibration curve of the sensor was for the characterization of the
sensitivity. The CRP concentrations for these tests ranged from 0.5 to 50 nM.
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It has been presumed that the initial resistance has an effect on the sensitivity detected
afterwards. To be specific, if there is a relatively low resistance for the receptor layer initially, more
dramatic increases and more significant measurement sensitivity would naturally be expected,
considering the increase in charge transportation resistance is the base for the measurement. The
density of antibody surface is a factor in changing the aforementioned initial resistance, where the
adjustment of incubation concentration or time could control it during the fabrication of the layer. The
sensitivity of the measurement shows a correlation with the initial layer charge transportation
resistance, as shown in Fig. 5. Note that there is an increase in measurement sensitivity by more than
400% with a reduction of the antibody surface coverage. Then, a decrease is expected with decreases
in the density of functional surface-bound antibodies, lower than the level for efficacious specific
target binding. These observations are robust and reproducible across numerous assays. We believe
them to be general and, from a practical perspective, to have considerable value in the construction of
optimally responsive interfaces [34].

CRP screening was performed in PBST at the proposed interfaces. A dissociation
constant Kp can be derived as 1.1+0.11 nM, according to a gradual increase in (and ultimately
saturation of) Rct with concentration, as indicated in Fig. 6. There is a linear increase in Rct with
logarithmic sensitivity of CRP concentration (0.5-60 nM) before saturation, with a detection limit as
low as 140 pM, which indicates a desirable sensitivity for real sample detection. The prepared
interfaces are, additionally, unresponsive (<3% change in signal) to BSA levels of up to 100 nM, an
observation we ascribe to the excellent antifouling properties [35].
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Figure 6. Recorded charge-transfer resistance (Rct) of the GQD-based CRP biosensor after being
incubated with varied concentrations of CRP protein (from 10 to 70 nM) in PBST (10 mM, pH
7.4) containing 1.0 mM [Fe(CN)g]* .

It is essential for CRP to be conveniently and directly detected in blood serum for clinical
application, which is extremely tough in nearly all tag-free detection. However, with a desirable master
of the electrode interfaces and the low response obtained to high BSA levels demonstrated in the
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system above, we proposed two approaches to CRP screening in blood serum. In terms of the former
capacity, the controllable dilution in PBST allows for the in situ detection of CRP spiked blood serum,
as indicated in Fig. 7. Herein the linear detection was reliable within a clinically relevant range with a
low detection limit of 170 pM. To allow realistic comparison with previous reports, the characteristics
of different electrochemical sensors for clenbuterol are summarized in Table 1.
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Figure 7. Faradaic impedance spectra corresponding to the biosensor after the incubation in PBST
solution containing human blood serum (10%) and Fe(CN)g>* (1.0 mM), with varied CRP
concentrations: 0, 0.5, 1.0, 2.0, 5.0, 10, 25, 50 and 70 nM.

Table 1. Comparison of the major characteristics of electrochemical sensors used in the determination
of CRP protein.

Electrode Linear detection range Detection limit | Reference
ZnO nanotubes 2-60 nM 0.7 nM [36]
Carbon nanofiber 5-40 nM 2.1 nM [37]
Chemiluminescence determination | 1-100 nM 0.4 nM [38]
GQD-based CRP biosensor 0.5-70 nM 170 pM This work

As shown in Table 2, the data for the six sera of blood specimens obtained from ELISA and the
GQD technique were compared, together with their relative deviations, to study the accuracy of CRP
detection. The relative error was in the range of 1.9% to 8.1%. Thus, it could be concluded that the two
methods were desirably coherent with each other. Hence, the requirements of a CRP electrochemical
sensor could be well met by the designed technique to serve for clinical AF analysis after CABG.
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Table 2. Experimental results comparison of varied analytical techniques obtained for blood

specimens.
Blood samples 1 2 3 4 5 6
Proposed sensor in this work (nM) 1.05 | 5.04 | 10.03 | 2443 | 51.20 | 72.6
ELISA (ng/ml) 114 | 513 | 9.96 | 2341 | 50.36 | 74.3
Relative deviation (%) 5.6 7.8 3.5 55 1.9 8.1

4. CONCLUSIONS

This work addressed the fabrication of an electrochemical biosensor based on GQD-modified

GCE to achieve selective and sensitive CRP detection. Due to the stability and favourably low
detection limit, this biosensor has the potential to be applied to clinical AF analysis after CABG.
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